Active commuting to school (ACS) is an important source of physical activity among children. Recent research has focused on ACS and its benefits on cognition and academic achievement (AA), factors important for success in school. This review aims to synthesize literature on the relationship between ACS and cognition or AA among children and adolescents. Peer-reviewed articles in PubMed, Web of Science, PsycINFO and Cochrane Library assessing ACS with cognition and/or AA among children, until February 2019, were selected. Twelve studies across nine countries (age range 4-18.5 years) were included. One study used accelerometers, whereas all others used self-report measures of ACS. A wide range of objective assessments of cognitive functioning and AA domains were used. Five among eight studies, and four among six found a positive relationship between ACS and cognitive or AA measure, respectively. Four studies found dose-response relationships, and some studies found sex differences. The quantitative analysis found that ACS was not significantly associated with mathematics score (odds ratio = 1.18; CI = 0.40, 3.48). Findings are discussed in terms of methodological issues, potential confounders, and the strength of the evidence. Future studies should conduct longitudinal studies and use objective measures of ACS to understand this relationship further.
Introduction
Physical activity is important for children's overall physical, psychosocial, and cognitive development [1] . Research in recent decades has shown that engaging in physical activity improves cognitive performance and academic achievement in children and adolescents [2, 3] . Cognitive ability and academic achievement are closely linked. Indeed, improvement in academic achievement could be potentially a result of improvement in executive functioning, which is a set of higher-order functions underlying aspects such as memory, inhibition, planning, and scheduling [4] . The improvements in cognition may be partially due to structural and functional changes in the brain as a result of physical activity. Among children, leisure time physical activity (LTPA) is associated with an increase in executive functioning and associated brain structures and functions [5] [6] [7] . On the other hand, some potential ACS benefits for cognitive functioning may be shared by other physical activities (whereby ACS would simply provide a greater dose), yet there may be some benefits unique to ACS.
Previous systematic reviews have shown that ACS has a positive impact on body composition [25] , cardiorespiratory and cardiovascular fitness [22, 25] , and total physical activity levels, with insufficient evidence for impact on body weight [21] [22] [23] 26] . In recent years, there has been growing research on the cognitive benefits of ACS, among children and adolescents. A number of studies have looked at the association between walking and/or bicycling to school, and cognitive improvement or academic achievement. However, there is no systematic review that has synthesized the findings of these studies. Therefore, the purpose of this study was to conduct a systematic review of studies done with children and adolescents, investigating the relationship between ACS, and cognitive functioning or academic achievement. We have focused on exploring this relationship among adolescents, to improve the interpretation of homogenous comparisons across studies.
Materials and Methods
A systematic review and quantitative analysis were conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) [27] . The PRISMA checklist is included in Appendix A Table A1 .
Study Selection Criteria
Studies meeting the following eligibility criteria were included in the systematic review: (1) Study designs: randomized control trial, pre-post study, longitudinal study, cross-sectional study, and case control study; (2) Population: children and adolescents (17 years of age and younger); (3) Exposure: active commuting; (4) Outcome: cognitive function and/or academic achievement; (5) Publication: peer reviewed journal article; (6) Time window of search: from inception of an electronic bibliographic database to 23 February 2019; and (7) Language: English.
Studies were excluded if they met any of the following criteria: (1) Studies with adult participants (18+ years of age); (2) Studies not measuring active travel but rather other types of physical activity, such as other types of LTPA (e.g., playing baseball), physical education class, or occupational physical activity; (3) Studies that do not specifically assess the association between active commuting and concerned outcomes; (4) Studies that do not differentiate between active commuting and other types of physical activity and/or other modes of commuting; (5) Cognitive outcomes related to mental health dysfunction, such as mild cognitive impairment and autism; (6) Non-English publication; (7) review or case study; and (8) Non-peer reviewed article (e.g., dissertation or conference proceeding).
Search Strategy
Keyword search was conducted in the PubMed, Cochrane Library, PsycINFO, and Web of Science core collection. These databases were selected for their relevancy and because their sheer size and access to scientific articles offered the greatest likelihood of capturing available literature consistent with our study's scope. The search terms used were a combination of synonyms related to active commuting, cognition, academic achievement, and children and adolescents. The search algorithm used for each database can be found in Appendix B. Two authors (M.P. and S.A.) conducted the title and abstract screening of the articles identified through the keyword search, against the study selection criteria, independently. Potentially relevant articles were identified for full-text evaluation, which was conducted independently by the two authors. Interrater reliability, calculated using Kappa co-efficient, was 0.85. A cited reference search (i.e., forward reference search) and reference list search (i.e., backward reference search) were conducted on the articles identified for inclusion following the full-text review. Relevant articles identified were evaluated against the study selection criteria and subject to further reference search, until no new relevant articles were found. Additionally, a manual search was conducted through Google Scholar. M.P. and S.A. jointly determined the studies to be included in the review following full-text reading, and discrepancies were resolved through their discussions.
Data Extraction and Synthesis
A standard data extraction form was used to retrieve demographic, methodological, and exposure and outcomes variables from each of the included studies and was cataloged using Microsoft word. This included first author and publication year, study design and setting, statistical model, sample characteristics (n, age, gender), features of active commuting (type, duration, measurement), measures and domain of cognitive outcome and academic achievement, and the estimated relationship between active commuting and the outcomes (shown in Tables 1-3).
Quantitative Analysis
A quantitative analysis was conducted to determine the pooled effect of engaging in ACS on the mathematics performance domain of academic achievement, in terms of odds ratio. Math performance was measured by the grade on the math test administered as part of the school curriculum. Among the six studies that measured math performance, only two were included in the analysis due to variation in outcome measurement and statistical technique. Study heterogeneity was assessed using the I 2 index, and it was determined to be considerable (I 2 > 85.00%) as well as significant (p < 0.05). Since study heterogeneity was high, a random effects model was used. Publication bias was not assessed due to a small number of studies in the analysis. All statistical analyses were conducted by using the Stata 14.2 SE version (StataCorp, College Station, TX, USA). All analyses used two-sided tests, and p-values less than 0.05 were considered statistically significant.
Study Quality Assessment
There is a lack of consensus on which study quality assessment metrics should be used [28] , and whether they offer any meaningful metrics [29] . As such, caution should be taken before judging "high-quality" vs. "low-quality" evidence, just as caution should be taken before drawing any clear conclusions from the limited data available and retrieved from the scope of studies targeted. Quality assessments are limited to what has been reported and presence of certain qualities are quantified for descriptive purposes. We have tallied the presence of certain study qualities using the checklist developed by National Heart, Lung and Blood Institute, for assessment of observational, cohort, and cross-sectional studies [30] . -Among all children, those active commuting for >14 min in grade 1 had significantly better reading fluency scores in grades 1 and 3.
-
High academic achievement was associated with active commuting to school among girls (AOR: 1.51 (1.10, 2.08)) and boys (AOR: 1.72 (1.26, 2.35)).
-Active commuting was associated with high academic achievement in both boys and girls. Active commuting to school was not significantly associated with performance on the d2 Test of Attention (β = 0.05) and the Symbol Digit Modalities Test (β = 0.04). Simple slopes analyses revealed a significantly positive association between active commuting to school and performance on the d2 Test of Attention in girls (β= 0.17, p = 0.04), but no significant association in boys (β = −0.03, p = 0.66).
Active commuting to school was not significantly associated with academic achievement (β = 0.04) and mathematics achievement (β = 0.08).
Active commuting was significantly associated with executive function among girls only, and not associated with information processing speed among both boys and girls.
Active commuting was not significantly associated with academic or math achievement.
5
Active commuting to school, in terms of walking or bicycling was not significantly associated with interference scores on reaction time (walking: β = −1.4 (−6.9, 9.8), p = 0.74; cycling: β = 4.0 (−2.7, 10.6), p = 0.24) or accuracy (walking: β = −0.5 (−2.7, 1.6), p = 0.64; cycling: β = −0.1 (−1.8, 1.7), p = 0.93) on the Eriksen flanker task.
Bicycling to school was associated with superior mathematics performance as compared to passive transportation (β = 5.4 (1.9, 8.8), p < 0.01), and walking to school was not associated with mathematics performance (β = 0.1 (−4.1, 4.4), p = 0.95).
Active commuting was not significantly associated with executive functioning.
Cycling to school was associated with better mathematics performance as compared to using passive commuting.
6
More than 50 min of active commuting to school was associated with 9.9 d' point greater 3-back baseline score and their 2-back growth was 11.2 d' points below passive commuters.
-More than 50 min of active commuting was associated with better performance on 3 back at baseline and lower performance on 2 back at 1 year -7 Active commuting to school was positively related to the number of objects, correctness of route orientation and aggregated scores, and negatively associated with correctness of route structure for the spatial cognition maps of the participants (all p < 0.01). Active commuting was not associated with the number of landmarks, paths and places in the participants' cognitive maps.
-Active travel was positively associated with 3 aspects of the cognitive maps, negatively associated with route structure correctness, and not associated with 3 aspects of the maps.
-
-
Children with 30 to 60 min of active commuting to school were more likely to have a better academic achievement than non-commuters (language, OR = 3.53, (1.12, 4.37); p < 0.01; mathematics, OR = 2.19 (1.06, 5.05); p = 0.03). There were no statistically significant differences between those passive commuting, active commuting for < 30 min, or active commuting for > 60 min.
-Engaging in 30-60 min of active commuting was significantly associated with better grades in language and mathematics, as compared to passive commuting.
Passive primary school commuters had better grades in math (7.46 ± 0.17 vs. 6.95 ± 0.12, p < 0.01), Spanish (7.72 ± 0.16 vs. 7.10 ± 0.12, p < 0.01), English (7.63 ± 0.17 vs. 7.01 ± 0.12, p < 0.01), natural sciences (7.59 ± 0.17 vs. 7.02 ± 0.12, p < 0.01) and grade point average (7.60 ± 0.15 vs. 7.02 ± 0.11, p = 0.01) than active commuters, whereas no significant associations were found in the secondary school students for all the selected subjects and the grade point average (all p ≥ 0.06). Active primary school children had lower odds of having high grades for math (OR = 0.65 (0.43, 0.98)), Spanish (OR = 0.57 (0.38, 0.86)), English (OR = 0.48; (0.32, 0.73)) and grade point average (OR = 0.64; (0.41, 1.00)). There were no statistically significant associations for secondary school children.
-Among primary school children, engaging in active commuting was associated with poorer grade point average and lower grades in Mathematics, Spanish, English and natural sciences, as compared to passive commuters. No significant associations were found among secondary school children. Table 3 . Cont.
ID Estimated Relationship between Active Commute and Cognition
Estimated Relationship between Active Commute and Academic Achievement Qualitative Brief Summary for Cognition Qualitative Brief Summary for Academic Achievement
10
The accuracy scores obtained from maps of children who walk to school most of the week (at least four out of six school-days) were significantly higher than those of children who did not (M = 8.69 vs. M = 7.71, t (90) = −3.66, p < 0.01).
The richness scores of the sketch maps did not differ according to the children's school travel mode.
-Active commuters had significantly better accuracy scores but not with the richness scores on the cognitive maps, as compared to passive commuters. Active commuting was not associated with scores on the word fluency task 12
Walking to school (vs. passive commuting) was not significantly associated with general verbal intelligence (38.50 ± 7.76 vs. 40 ± 6.81, p = 0.54 and non-verbal intelligence (37.80 ± 8.25 vs. 39 ± 7.61, p = 0.97) and general intelligence (76.4 ± 14.94 vs. 79.10 ± 13.18, p = 0.76) among preschoolers. Among primary school children, walking was not significantly associated with logical reasoning (27.60 ± 9.50 vs. 28.00 ± 8.37, p = 0.80), verbal factor (21.80 ± 6.37 vs. 22.40 ± 5.27, p = 0.76), numerical factor (16.40 ± 8 vs. 17.40 ± 7.89, p = 0.47), spatial factor (15.90 ± 7.11 vs. 16 .00 ± 6.30, p = 0.64) and general intelligence (54.20 ± 18.10 vs. 55.80 ± 15.89, p = 0.80).
-Active commuting and its duration were not significantly associated with cognitive performance -
Results

Study Selection
The study selection flowchart is shown in Figure 1 . We identified a total of 1168 articles using the keyword search. After removing duplicates (n = 83), we screened 1085 articles for eligibility using title and abstract screening. A total of 1062 records were excluded, as they did not fit our inclusion criteria. Specifically, studies were excluded at this stage if they focused on physical activities conducted after school or during recess, or targeted perceptions of safety when commuting to school. A total of 23 articles were shortlisted for full-text review. After a thorough screening of these articles against the review protocol, 12 articles were included in the final synthesis. One study had an age range of 13-18.5 years, which slightly violated the inclusion criteria of below 18 years. However, we decided to retain this study because the mean age of the sample was 15.4 years, with a standard deviation of 1.3. One study that met all of our inclusion criteria was excluded because it was a protocol/methods article [31] . A forward and backward search was conducted, and no new articles were identified for inclusion. Therefore, 12 articles were included in the systematic review. The reasons for exclusion of studies were: physical activity measured in general and active commute results not specifically discussed [32] [33] [34] [35] [36] [37] ; age >18 [38, 39] ; no physical activity [40] ; study currently ongoing (protocol published in clinical trials) [41] ; and study protocol [31] . Figure 1 shows the study selection flowchart. Table 1 provides a summary of basic characteristics of the studies included in the review and the details of study design. Studies were conducted across nine countries, including Spain (n = 4), Table 1 provides a summary of basic characteristics of the studies included in the review and the details of study design. Studies were conducted across nine countries, including Spain (n = 4), Sweden (n = 1), Finland (n = 1), Norway (n = 1), Netherlands (n = 1), Denmark (n = 1), Taiwan (n = 1), Chile (n = 1), and Israel (n = 1). Studies were published between 2011 and 2018. The sample sizes varied substantially across studies, ranging from 92 participants [42] to 2897 participants [43] . The sample had children and adolescents across primary and secondary schools, ranging from grades 1 to 10, and age ranging from 4 to 18.5 years. Approximately 50.00% of the studies focused on pre-adolescents. All of the studies had approximately 50.00% girls as a part of their sample, with the lowest and the highest percentage being 42.47% [44] and 53.26% [42] , respectively. Most of the studies (n = 10) were cross-sectional studies [42, [45] [46] [47] [48] [49] [50] [51] [52] [53] , and two were prospective studies [43, 44] . Eight studies accounted for socioeconomic status either by asking their socioeconomic status or by using parental education as a proxy for it. Six studies reported a majority of the participants being a middle-to-high socioeconomic group or college level parental education. In one study, a majority of the participants' parents had vocational training or <3 years of formal education [48] , and another reported a majority of the parents having polytechnic education level [44] . Table 2 provides a summary of the characteristics of active commuting, and measurement of active commuting, cognition and academic achievement. In regard to types of active commuting, one study measured only walking [50] , one study did not clarify the type included [43] , and all other studies (n = 10) included both walking and cycling. Among these ten studies, one study included inline skates and scooters as constituting cycling [53] . All studies measured active commuting in the context of commuting to school; either to, from or both. Seven studies [43, 45, [48] [49] [50] [51] [52] reported the percentage of their sample that engaged in active commuting, and it ranged from 12.00% to 70.41%.
Summary of the Selected Studies
Measurement of Active Commuting
Out of all the studies, only one study measured ACS objectively, through the use of an accelerometer, specifically, an ActivPAL3 accelerometer [47] . In this study, participants had an accelerometer taped to their right thigh, and ACS in the morning was estimated with the average steps across three valid school days, multiplied by five (weekdays) and two, to account for the round trip. All other studies used self-report methods. Out of these, two studies asked parents of the participants to report their children's mode and duration of commuting to and from school [43, 52] . The rest of the studies had participants self-report their own commuting activity.
Overall, there seemed to be a lack of consensus whether ACS would constitute one-way or round-trip active commuting. Approximately half of the studies (seven) asked about engaging in active commuting only while going to the school [42, 43, 45, 47, 48, 52, 53] , in which one of the studies doubled the duration reported, to account for the round trip [47] . The remaining five studies measured active commuting both to and from school [44, 46, [49] [50] [51] . Out of 12 studies, only six studies tried to assess the dose of ACS, albeit only in terms of duration [43, 45, 47, 50, 52, 53] , whereas the other studies measured it as a binary variable. There was variation in the way duration was categorized, with three studies categorizing it as <15 min or >15 min [45, 52, 53] , one study categorizing it as <30 min, 30-60 min, and >60 min [50] , one study using cut off points as <25 min, 25-50 min and >50 min [43] , while one measured it as a continuous variable [45] . Apart from this, only 3 studies assessed ACS within a particular time period (e.g., ACS in the past week) [47] [48] [49] . Two studies used validated questions, in which one study used two items from a 7-item validated questionnaire about school travel [52] , and the other study validated their questions using data from actigraphy [44] . Two more studies conducted a test-retest reliability for the questionnaire they used [46, 48] . None of the studies assessed intensity of ACS. Only 4 studies assessed other types of physical activity that participants may have engaged in, and these included asking participants about their engagement in activities such as sports, extra-curricular physical activities, and any other organized exercise apart from sports, recess activity, etc.
Measurement of Cognition and Academic Achievement
Two studies measured both cognition and academic achievement [43, 48] .
Including the two studies, a total of eight studies tested the association between active commute and cognition [42, 43, 45, [47] [48] [49] 52, 53] , and six studies [44, [46] [47] [48] 50, 51] examined the association between active commute and academic achievement. Cognitive outcomes included domains of intelligence [45, 52] , executive functioning [47, 48] , information processing speed [47] , working memory [43] , verbal fluency [53] , attention [43] , and visuospatial skill [42, 49] . The measures used were either computerized objective tasks (e.g., Eriksen flanker task), or paper-and-pencil tasks scored by the researchers (e.g., cognitive maps). The studies measuring academic achievement covered domains of reading fluency and reading comprehension [44] , arithmetic skills [44, [46] [47] [48] 50, 51] , language scores (including English, Norwegian, and Spanish) [46, 47, 50, 51] , final subject grades [51] , and grade point average [51] . Four studies used grades calculated by the school [46, 47, 50, 51] , one study used scores on a custom-made test [48] , and one study used scores from a standardized achievement test battery [44] . Our results are centered around studies with adolescents (aged 10-19 years, as defined by the World Health Organization). The age range of the sample in these studies was between 10 and 19 years. If a study had an age range that overlapped with adolescents, such as ages 7-12, we did not include them in the adolescent analysis because of potential confounds. Table 3 summarizes the results of the association between ACS and cognition and/or academic achievement. Five studies measured the association between active commute and cognition among adolescents. Overall, three studies found a positive association with at least one cognitive measure [42, 45, 47] . Two studies did not find any significant association with any of the cognitive variables [48, 53] , and one study found no associations with some cognitive variables but not others [42] .
Active Commute and Cognition
The two studies that did not find an association with any of the cognitive variables measured executive functioning using the Eriksen flanker task [48] , and verbal fluency [53] . In one of the studies, active commute included using inline skates and scooters [53] , while the other included only walking and bicycling. One study showed that ACS was not associated with some cognitive variables. In this study, visuospatial skill was measured through the cognitive maps task. They found a lack of relationship richness scores [42] and explained that this result is not surprising because the task's instructions did not emphasize the drawing of details such as landmarks, but merely chalking out the path from home to school.
Among the three studies finding positive associations, one study [42] found positive association with accuracy score on the visuospatial task, across the entire sample. The other two studies found significant associations with a subset of the sample. Girls who engaged in ACS had better overall cognitive performance, as well as improvements in numeric, verbal and reasoning subscales of intelligence as compared to girls who commuted passively [45] , and girls who engaged in ACS had better performance on the d2 Test of Attention as compared to boys who engaged in ACS [47] .
Sex Difference
Two studies found a sex difference, with ACS showing an effect among girls as compared to boys. Among girls only, ACS was positively associated with verbal, numeric, and reasoning task performance, as well as overall cognitive performance [45] , and performance on the d2 Test of Attention [47] .
Dose-Response Relationship
The duration of ACS was tested as a predictor of cognitive outcomes in one study. They categorized the duration as either less than 15 min or greater than 15 min and found that girls (but not boys) active commuting for greater than 15 min performed significantly better on numeric tasks, reasoning tasks, and overall cognitive performance, as compared to girls who active commuted for less than 15 min [45] .
In another study, the frequency of ACS was a predictor, with cognitive map accuracy scores being better among children walking to school for more than four days of the week [42] .
Types of Cognitive Outcomes
Various types of cognitive outcomes were measured across the five studies. Broadly, they could be classified into domains of intelligence and executive functioning. Sub-domains of executive functioning included response inhibition, verbal fluency, attention, working memory and visuospatial skill, whereas sub-domains of intelligence measured were verbal, non-verbal, numeric, and reasoning abilities. The sensitivity of cognitive outcomes to physical activity is an important consideration in determining the potential effects of physical activity. Amongst the outcomes measured, prior research has shown that intelligence may not be sensitive enough to respond to changes in physical activity, whereas executive functioning may be more responsive to physical activity [54] .
However, the study assessing intelligence found a significant positive association of verbal, numeric and reasoning abilities with ACS only among girls [45] . Among the studies measuring aspects of executive functioning, it was observed that ACS was associated with d2 Test of Attention [47] and accuracy scores on a task of visuospatial skill [42] but not the flanker task [48] and verbal fluency [53] . An important difference is ACS was measured objectively through an accelerometer in one study [47] , thus resulting in a more accurate estimate of physical activity, as compared to self-report by students in the other studies. The other two studies that did not find significant associations did not measure ACS objectively, nor did they measure the dose of ACS. Thus, the study quality may have played a role in the significance of the findings. One of the two studies found improvement in the d2 Test of Attention only among girls, but the study assessing performance on flanker did not conduct analyses separately by sex, which may be reason for the non-significant findings.
ACS was not significantly associated with information processing speed. In both these studies, ACS was characterized as a binary variable, and the duration of ACS was not measured. Not assessing dose-response relationship may have contributed to the non-significant results.
The relationship between ACS and cognition was also explored in studies with younger children [43, 49, 52] . The age range in these studies was 4-12 years. Two of these studies found a positive association, across the entire sample, with performance on the n-back task [43] and aggregated spatial orientation scores [49] . One study with children aged 4-7 years old did not find an association between ACS and scores on the Differential Aptitude Test for children [52] .
Active Commute and Academic Achievement
Five studies measured the association between active commute and academic achievement among adolescents. Overall, three studies found a significant positive association with at least one aspect of academic achievement [46, 48, 50] , and two studies found no association with at least one academic achievement measure [47, 51] . No negative associations were found among adolescents. All five studies measured arithmetic skills, with four studies measuring scores on a language test [46, 47, 50, 51] .
Among the studies finding no association, one study assessing language and arithmetic scores found no associations across the entire sample of children from grades 7-9 [47] . Similarly, the other study did not find significant associations among secondary school participants for language, mathematics, and science.
Of the three studies finding positive associations, two studies found that adolescents engaging in ACS [46] or those engaging in 30-60 min of ACS [50] had higher odds of having better academic achievement scores than those engaging in passive commuting. Average grade across subjects was used as a measure of academic achievement in both these studies. One study found that bicycling to school had a positive association with scores on a custom-made arithmetic test, but the same was not observed for walking to school [48] .
Sex Difference
Overall, two studies assessed sex difference [46, 47] . Both the other studies did not observe any sex differences, with the results being similar across girls and boys.
Dose-Response Relationship
Only one study explored a dose-response relationship, by measuring the duration of ACS. It was found that those engaging in 30-60 min had better grades in language and mathematics as compared to passive commuters [50] .
The relationship between ACS and academic achievement was also explored among children with a mean age of 7 years [44] or between 6 and 12 years [51] . One study measured reading fluency and comprehension using a standardized achievement test battery, and found improved performance at baseline and after two years among those active commuting to school for greater than 14 min per day, across the sample [44] . Both studies found negative associations as well, such that ACS was associated with poorer grades, and lower odds of having high grades in all of the courses, as compare to passive commuters [51] , and with reading comprehension, among girls, but not boys, who actively commuted to school [44] . Figure 2 summarizes the results of ACS with math performance. Math performance was used as a dichotomous (high vs. low) outcome in the studies. For one study [50] that reported odds ratio for obtaining a math performance score above level 5, 7, and 9, a combined odds ratio was calculated to be used for the analysis. In another study [51] , odds ratio was calculated separately for primary and secondary school children. Only the data for secondary school children was included in the analysis, and a combined score of primary and secondary school children was not calculated. This is because age plays an important role in cognitive development of children, with structural and functional brain changes being different across pre-adolescent and adolescent youth [55] . The data for secondary school children was included over primary school children because it matched the sample age range of the other study included in the analysis, and because our results were focused on adolescents. The results showed that engaging in ACS was not significantly associated with math performance. Compared to those engaging in passive commuting, engaging in ACS was not associated with math performance (pooled odds ratio = 1.18; CI = 0.40, 3.48; p = 0.77). Owing to the small sample size for the analysis, publication bias tests were not performed. Figure 2 summarizes the results of ACS with math performance. Math performance was used as a dichotomous (high vs. low) outcome in the studies. For one study [50] that reported odds ratio for obtaining a math performance score above level 5, 7, and 9, a combined odds ratio was calculated to be used for the analysis. In another study [51] , odds ratio was calculated separately for primary and secondary school children. Only the data for secondary school children was included in the analysis, and a combined score of primary and secondary school children was not calculated. This is because age plays an important role in cognitive development of children, with structural and functional brain changes being different across pre-adolescent and adolescent youth [55] . The data for secondary school children was included over primary school children because it matched the sample age range of the other study included in the analysis, and because our results were focused on adolescents. The results showed that engaging in ACS was not significantly associated with math performance. Compared to those engaging in passive commuting, engaging in ACS was not associated with math performance (pooled odds ratio = 1.18; CI = 0.40, 3.48; p = 0.77). Owing to the small sample size for the analysis, publication bias tests were not performed.
Quantitative Analysis
Two studies measured math performance as a continuous variable. However, a quantitative analysis could not be performed due to lack of match between outcome measures. Two studies had the same outcome assessment for visuospatial skill, and two studies had the same outcome assessment for academic achievement. However, a quantitative analysis could not be performed in either of these cases because of lack of match between the statistical techniques. Table 4 shows the study quality assessment scores for each study. Out of a maximum score of 14, the average score across the 12 studies was 7.50. Among these, the average score for studies with adolescents was 7.13. Research questions and objectives were all (100%) described clearly, and all but Two studies measured math performance as a continuous variable. However, a quantitative analysis could not be performed due to lack of match between outcome measures. Two studies had the same outcome assessment for visuospatial skill, and two studies had the same outcome assessment for academic achievement. However, a quantitative analysis could not be performed in either of these cases because of lack of match between the statistical techniques. Table 4 shows the study quality assessment scores for each study. Out of a maximum score of 14, the average score across the 12 studies was 7.50. Among these, the average score for studies with adolescents was 7.13. Research questions and objectives were all (100%) described clearly, and all but one study defined the study population clearly. Most studies controlled for some covariates or confounding factors during analysis, but only four studies [44, 45, 47, 50] controlled for other types of physical activity participants may have engaged in. Five studies controlled for socioeconomic status [43, [48] [49] [50] 52] and six studies controlled for parental education [44] [45] [46] [47] 49, 52] as a proxy for socioeconomic status. Overall, eight studies accounted for socioeconomic status by one of the two methods. Eight studies accounted for age [43] [44] [45] [47] [48] [49] 51, 52] , either using their chronological age, or their school grade level (two studies). Among the potential covariates of physical activity, sex, age, body mass index, and socioeconomic status and/or parental education, studies that controlled for 2 or more covariates were given a score of 1. All studies used clearly defined, valid and reliable outcome measures. The same was not true of the exposure measures (engagement in ACS), as most studies used self-reported measures that were not validated. Except two studies, the participation rate of eligible participants was greater than 50.00%, ranging between 60.00% and 99.13% and with an average participation rate of 77.71% (SD = 13.80%). This was determined from the recruitment statistics reported by the studies. Participation rate refers to the percentage of participants who participated in the study from the pool of eligible participants that were approached for the study. Only one study provided a sample justification using a power analysis, and some other studies provided effect size estimates. With the exception of the two prospective studies, the others did not measure exposure before the outcome, and none measured exposure more than once. All study descriptions omitted any mention about potential blinding of the assessors, resulting in a score of 0 (not determined) for all the studies on that criterion. Approximately half of the studies measured different levels of exposure, and they defined ACS via an ordered categorical or continuous scale and the remainder quantified ACS as a dichotomous (yes/no) variable. The sample of one of the studies was from a larger study, and they did not explain the recruitment methods in detail [42] . However, this study did not cite the original article, and we were unable to determine the details of the recruitment process. Excluding this study from the study quality assessment did not change the average study quality score much (7.50 vs. 7.27) . Only four studies scored above the median value of 7. All of them largely showed positive associations between ACS and cognition or academic achievement. Were key potential confounding variables measured and adjusted statistically for their impact on the relationship between exposure(s) and outcome(s)? 
Study Quality Assessment
Discussion
This article presents a systematic review of 12 studies examining the relationship of ACS with cognitive performance and academic achievement, among children and adolescents. This is a new area of research, with the earliest study being as recent as 2011. These studies were conducted across nine countries, with none of the studies being conducted in the US. There were more studies conducted in Spain (n = 4) than any other country (n = 1 each). The median sample size was 568, and participants' age ranged from 4 to 18.5 years. For cognition, three among five studies found a positive relationship between ACS and at least one cognitive measure, including two studies that found positive associations among girls, but not boys. One study found a dose-relationship with cognition, such that those engaging in a higher duration of ACS showed a significant relationship as compared to those engaging in a lower duration. Three of the five studies found a positive relationship between ACS and at least one measure of academic achievement; one study found a dose-response relationship, and no sex differences were found. We conducted a quantitative analysis to estimate the effect of the association between ACS and mathematics performance, and found a small, non-significant positive association with math performance for children who engaged in ACS. Among children, similar results were observed, with two of three studies finding a positive association with cognition, and one of two finding a positive association with academic achievement.
Generally, the evidence for active commuting relationships with cognition and academic achievement was in the positive direction, with three of five studies (for cognition and academic achievement, each) finding significant positive results, among adolescents. Similarly, five out of eight (for cognition) and four out of six (for academic achievement) found significant positive results, across children and adolescents. Despite this, definite conclusions cannot be made. Two studies with adolescent samples found that ACS was associated with cognitive performance only among girls. The authors [47] theorized that this might be due to a higher level of stress experienced by adolescent girls as compared to boys [56] . Thus, girls may benefit more than boys from the stress reduction effects of physical activity, by buffering the established detrimental effects of stress on cognitive performance [57] . They also theorized that hormonal differences between adolescent girls and boys may play a role. Estrogen among females interacts with insulin growth factor-I to improve neuronal survival [58] . An increase in exercise is associated with an increase in insulin growth factor levels [59] , and hence girls may gain an advantage during this developmental phase. However, different hormones have been shown to have different neuroanatomical effects that would support potential cognitive development among girls and boys [60] . Additionally, physical activity may reduce anxiety and depressive symptoms among girls thus improving cognition [45] , but one study found that depressive symptoms did not mediate the relationship between ACS and cognition [47] .
ACS was positively associated with visuospatial skill, working memory, attention, and general intelligence, as well as with grades, arithmetic scores, and reading fluency and comprehension. These results were similar to those found with LTPA, which is more widely studied among this age group. Prior research with LTPA has shown that it is associated with improvements in cognition and academic achievement [3] . ACS was not associated with executive functioning, general intelligence, aspects of visuospatial skill, as well as language and arithmetic scores. It was negatively associated with some aspects of visuospatial skill, grades, and reading comprehension (among girls). While these results contradict those found with respect to LTPA, it is possible that methodological issues as well as key factors associated with ACS may account for these findings, as elaborated below.
Overall, the evidence may be considered weak due to the methodological issues pertaining to the original studies. A majority of the studies (n = 10) were cross-sectional studies, and only two studies were prospective in nature. Cross sectional studies preclude a causal interpretation of the relationships and provide a snapshot of the behavior at only one point in time. The majority of the studies did not rely on objective measurement methods for ACS. Whereas cognition and academic achievement were measured objectively, all except one study (n = 11) used self-report questionnaires to measure ACS. Retrospective self-report increases measurement error due to misreporting, as children/adolescents may not accurately estimate or remember their physical activity and may be susceptible to social desirability bias [61] [62] [63] . That is, children/adolescents may over-report their ACS levels in order to present themselves as being physically active, which is a socially desirable behavior [61] . Furthermore, the self-report instruments used to assess ACS lacked scientific rigor. While most of the self-report questions did not use a validated self-report measure, they also did not establish validity or reliability of the self-report measures used, with the exception of two studies that tested validity and two that tested reliability.
Additionally, more than half of the studies did not measure the duration and/or intensity of ACS. Of the two studies that measured duration, a dose-response relationship was found, such that higher duration was associated with positive benefits, as compared to lower duration of ACS. This is consistent with previous studies that have observed similar dose-response relationships with cognition [64] . For example, in an after-school LTPA program, it was found that those engaging in 40 min of physical activity five days/week had greater executive function and mathematics performance as compared to those who were engaging in only 20 min of physical activity for the same number of days [5] . In another study, those attending more after-school physical activity sessions had larger improvement in executive functioning [7] . Considering this evidence regarding the dose-response relationship of physical activity, inadequate estimates of active commuting engagement may underestimate the relationship and preclude an in-depth understanding of its association to cognition and academic achievement. Similar results are found among older adults engaging in active commuting, such as those engaging in >60 min of active commuting may have a lower risk of dementia [65] . In another study, active commute along with a good built environment was associated with better cognitive functioning [66] . Apart from this, only four studies controlled for the other types of physical activity engagement. Given the literature between LTPA and cognition discussed above, it is important for future studies to account for other physical activity participation.
Along with methodological issues, key factors related to ACS must be taken into consideration while interpreting the results. For example, participants may have engaged in ACS alone or with a group, and group activity can influence enjoyment and activity type, intensity, duration, etc. [67] , thereby increasing the dose received and its impact on cognition. Apart from this, because ACS involves walking or cycling to school, it would involve exposure to automobile traffic and air pollutants. Research has shown that air pollution is associated with poor cognitive and academic performance in children [68] , as well as slower brain maturation [69] . For example, exposure to air pollution measured by isophorone in the ambient air was associated with a significantly lower mathematics score by 1.63 points in early childhood [70] . These negative effects have been shown to start around kindergarten and continue until elementary school [71] . In a longitudinal study, exposure to air pollutants during ACS was associated with a reduction in the growth of working memory over the course of a year [72] . In this review, only one of the studies controlled for environmental pollutants and neighborhood features [43] , and thus, the results for other studies should be interpreted keeping this issue in mind. In line with this, it is also important to consider the reason for active vs. passive commute to school and the implications it has for cognitive and academic development. Children who may be active commuting for long durations because of non-availability of other resources, may not show beneficial cognitive effects possibly because of having to active commute in spite of air quality and environmental factors. However, children that purposefully choose to engage in ACS to improve their health may show beneficial effects, especially if they choose active commuting after considering the air quality and other environmental factors. While half of the studies controlled for socioeconomic status and parental education, none of the studies controlled for reasons for engaging in ACS, and how that may mediate the effect on their outcomes. Safety is another key factor as parental figures and guardians are key gatekeepers of their child's ACS. Studies have shown that children's engagement in ACS is influenced by parents' perceptions of neighborhood safety and crime [73, 74] as well as distance [75] . Apart from this, the built environment, such as access to safe sidewalks and traffic lights on the school route can affect engagement in ACS. For example, children from high income neighborhoods engaged in significantly less active commuting if they lived in low-walkable as compared to high walkable neighborhoods [73] . Similarly, children passing through safe school routes featuring sidewalks, traffic lights, safe pedestrian crossing and bicycle paths, were more likely to engage in ACS than those who were not passing these routes while going to school [76] . Other factors such as home-school distance, automobile traffic, and living in rural or urban neighborhood [77] may affect engagement in ACS and the potential cognitive benefit derived from it. However, we do not have a good understanding of the interaction of these factors with ACS and its impact on cognitive functioning.
The quantitative analysis result showing that ACS was not statistically related to mathematics contradicts the literature regarding the most commonly studied physical activity, i.e., LTPA and academic achievement. ACS is different from LTPA. The former involves engaging merely in walking and/or bicycling for the purpose of getting from one place to another, whereas LTPA can include a variety of physical activities, such as playing with friends at the playground, engaging in sports or dance, or doing after-school physical activity programs. A number of studies have shown small [2] or large [3] positive effects of LTPA with academic achievement in terms of mathematics performance [2] in this population. It may be that LTPA yields itself to greater cognitive benefits as it calls for more neuromuscular complexity as compared to walking or bicycling [78] . However, the results could very well be due to the shortcomings of this analysis and therefore, must be interpreted very cautiously. This analysis is not representative of the literature on this topic, as it involved only two out of the six possible studies. We could not include some studies due to a lack of homogeneity in measures, or effect size reporting, as a result of which this analysis is not an accurate estimation of the effect size. One study did not account for LTPA, in the analysis, which has the potential to explain some of the findings [51] . Because LTPA has a positive relationship with academic achievement, it is important to account for the amount of LTPA that the two groups (active commuting vs. not) may be engaging in. Other methodological issues pertaining to the original studies discussed in the section before should be accounted for while interpreting the results.
The strength and limitations of this review should be considered when interpreting the findings. This is the first study to systematically review literature on ACS and cognition or academic achievement and provide recommendations for future research. One of the main limitations is that we included studies only published in the English language, and some studies published in regional language may have been excluded. The ACS in this review mostly consisted of walking and/or bicycling. There are different modes of transport such as electric bikes, skates and scooters that can be argued as being a part of active commuting and may or may not impact cognition. Only one study in our review included explicit measurement of these tandem activities as forms of active commuting [53] . Therefore, use of these transportation devices cannot be teased apart and could confound our findings. Additionally, none of the studies reviewed had a control group. Lack of control trials regarding ACS and its association with cognition and/or academic achievement make it difficult to separate the influence of maturation during childhood and adolescence. Without a randomized control trial, we cannot determine if children and adolescents would have experienced any of these positive cognitive effects naturally. We used broad inclusionary criteria for this study, given the lack of research in this field, with the purpose of providing guidance for future interventions. Accordingly, our conclusions are broad, and based on outcomes and exposures that are not identical to each other.
Future studies need to implement more rigorous, longitudinal designs (e.g., randomized controlled trials), using objective assessments of physical activity (e.g., using accelerometers validated for use with research), to assess the strength of the relationship between ACS and cognition or academic achievement. If self-report measures are used to assess ACS, the validity and reliability of these measures should be established, and researchers should consider multiple assessments over the course of an academic year to acquire a robust measure of ACS engagement. Such a measure would differentiate modality, frequency, intensity, duration, and involvement with others (group vs. individual activity) to determine dose-response relationships with other outcomes of interest. Moreover, researchers should ensure all assessments are age, environmentally and culturally appropriate. Such methods will enable a detailed understanding of active commute and its relationships with changes in cognition and academic achievement.
Conclusions
This article is a systematic review of the relationship of ACS with cognitive performance and academic achievement. Our findings reveal that ACS has the potential to influence cognition and academic achievement, but clear conclusions cannot be drawn based on the current state of evidence. Future studies with longitudinal methodological designs are needed to further understand this relationship. 
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